ABSTRACT Methionine is the first limiting amino acid in all poultry corn-soybean based diets. The objective of this study was to determine the effect of supplementation of L-methionine (L-Met), DL-methionine (DL-Met), and the methionine analogue, DL-2-hydroxy-4-(methylthio) butanoic acid (DL-HMTBA), on biochemical and physiological parameters of broiler chickens. Male Cobb-500 broilers were fed from day of hatch (d 0) to d 35 posthatch using a basal diet deficient in methionine plus cysteine (Met + Cys) (control), or the basal diet supplemented with 0.22% DL-Met, 0.22% L-Met, or 0.31% DL-HMTBA to meet the Met + Cys requirements. Tissue (liver, duodenum, jejunum, and ileum) and blood samples were collected at various ages, from d 0 to d 35. Performance of the birds, blood parameters (e.g., acute phase proteins, white blood cell counts), mRNA expression of intestinal nutrient transporters and DNA methylation properties of liver tissues were examined. Both body weight and feed efficiency were improved in methionine supplemented groups compared to the control group. No significant differences were observed among DL-Met, L-Met, and DL-HMTBA for growth performance parameters. L-Met and DL-Met supplementation decreased the acute phase protein, serum amyloid A, while DL-HMTBA had no effect. Methionine supplementation had no effect on white blood cell differentiation count, hepatic total DNA methylation, or DNA methyltransferase activity. L-Met and DL-Met, but not DL-HMTBA, supplementation, resulted in enhanced expression of the ATB 0,+ and B 0 AT transporters in various small intestinal segments. All methionine sources increased expression of MCT1 in the jejunum. In conclusion, methionine supplementation improved growth performance of male broilers. Methionine supplementation was also associated with changes in intestinal nutrient transporter gene expression in certain segments and ages, suggesting that intestinal amino acid absorptive function can be regulated by the source of amino acid and effects are complex and dynamic.
ABSTRACT Methionine is the first limiting amino acid in all poultry corn-soybean based diets. The objective of this study was to determine the effect of supplementation of L-methionine (L-Met), DL-methionine (DL-Met), and the methionine analogue, DL-2-hydroxy-4-(methylthio) butanoic acid (DL-HMTBA), on biochemical and physiological parameters of broiler chickens. Male Cobb-500 broilers were fed from day of hatch (d 0) to d 35 posthatch using a basal diet deficient in methionine plus cysteine (Met + Cys) (control), or the basal diet supplemented with 0.22% DL-Met, 0.22% L-Met, or 0.31% DL-HMTBA to meet the Met + Cys requirements. Tissue (liver, duodenum, jejunum, and ileum) and blood samples were collected at various ages, from d 0 to d 35. Performance of the birds, blood parameters (e.g., acute phase proteins, white blood cell counts), mRNA expression of intestinal nutrient transporters and DNA methylation properties of liver tissues were examined. Both body weight and feed efficiency were improved in methionine supplemented groups compared to the control group. No significant differences were observed among DL-Met, L-Met, and DL-HMTBA for growth performance parameters. L-Met and DL-Met supplementation decreased the acute phase protein, serum amyloid A, while DL-HMTBA had no effect. Methionine supplementation had no effect on white blood cell differentiation count, hepatic total DNA methylation, or DNA methyltransferase activity. L-Met and DL-Met, but not DL-HMTBA, supplementation, resulted in enhanced expression of the ATB 0,+ and B 0 AT transporters in various small intestinal segments. All methionine sources increased expression of MCT1 in the jejunum. In conclusion, methionine supplementation improved growth performance of male broilers. Methionine supplementation was also associated with changes in intestinal nutrient transporter gene expression in certain segments and ages, suggesting that intestinal amino acid absorptive function can be regulated by the source of amino acid and effects are complex and dynamic. Methionine (Met) is an essential amino acid in mammals and is the first limiting amino acid in a broiler diet and thus its uptake from the diet is required for growth and development. Met is supplemented in feed as Lmethionine (L-Met), DL-methionine (DL-Met, a mixture of the L-and D-enantiomers), and the methionine analogue, DL-2-hydroxy-4-(methylthio) butanoic acid (DL-HMTBA). DL-HMTBA lacks an amino group and thus is not an amino acid but an amino acid precursor that needs to be converted to L-Met (Dibner and Knight, 1984) . Many studies have addressed the relative efficiency of these Met sources (Lemme et al. 2002; Hoehler et al., 2005; Elwert et al. 2008; Sauer et al. C 2008) . Met is a precursor for the synthesis of proteins and serves as the predominant amino acid for translation initiation. In addition, Met is an intermediate in the biosynthesis of other important molecules such as cysteine, carnitine, and taurine and is converted to Sadenosylmethionine (SAM), which serves as a methyl donor.
INTRODUCTION
The assimilation of dietary nutrients occurs mainly in the small intestine. Dietary proteins are first digested through enzymatic hydrolysis to generate absorbable end products, including free amino acids and peptides. These nutrients are taken up by epithelial cells that line the small intestine by a variety of transporters. Once inside the epithelial cells, these nutrients are either used for cell metabolism or transported out of the cell and into the blood for delivery to other cells and tissues (Broer, 2008; Gilbert et al., 2008) .
The amino acid and peptide transporters are members of the Solute Carrier (SLC) gene series, which includes 52 families and 395 transporter genes in the 425 human genome . These transporters are located in the brush border membrane for transport of amino acids from the intestinal lumen to the inside of the intestinal epithelial cells and on the basolateral membrane for transport of amino acids from the inside of the epithelial cell to the blood. In mammals, the amino acid transporters act in a Na + -dependent or Na + -independent manner. At the brush border membrane, free Met is transported by the Na + -dependent neutral amino acid transporters B 0 AT, Na + -dependent cationic amino acid transporter ATB 0,+ , and Na + -independent cationic and neutral amino acid transporter b 0,+ AT (Hyde et al., 2003; Pramod et al., 2013) . Furthermore, at the brush border membrane, the H + -dependent peptide transporter PepT1 transports a wide variety of di-and tripeptides into the intestinal epithelial cells (Gilbert et al., 2008; Smith et al., 2013) . At the basolateral membrane, Met is transported by the Na + -dependent neutral amino acid transporters SAT1, SAT2, and SAT3, Na + -independent neutral amino acid transporters LAT1 and LAT2, and Na + -dependent cationic amino acid transporters y + LAT1 and y + LAT2. The amino acid transporters b 0,+ AT, LAT1, LAT2, y + LAT1, and y + LAT2 are heterodimeric transporters: b 0,+ AT complexes with rBAT and LAT1, LAT2, y + LAT1, and y + LAT2 complex with 4F2hc (Broer, 2008; Fotiadis et al., 2013; Broer, 2014) . A search of the chicken genome (Ensembl, release 83 -December 2015) did not reveal a chicken ortholog to LAT2. In chickens, Met is transported by the Na + -independent systems b 0,+ and L, and the Na + -dependent systems y + , B and A (Soriano-Garcia et al., 1998 ). In contrast, DL-HMTBA transport was reported to be associated with the proton dependent monocarboxylate transporter 1 (MCT1) and the Na + -H + exchanger (NHE3) (Martin-Venegas et al., 2007; 2008) .
Methylation is a covalent modification that is critical for regulating gene transcriptional activity. DNA methylation involves the addition of a methyl group by DNA methyltransferases (DNMTs) to the pyrimidine ring of cytosine at the 5-carbon, which results in 5-methylcytosine at CpG dinucleotides (reviewed in Breiling and Lyko, 2015) . Hypermethylation of DNA, particularly at dense regions of CpGs, called CpG islands, serves as a major transcriptional silencing mechanism (Gilbert and Liu, 2012) . From a nutritional perspective, one-carbon metabolism is controlled by availability of essential nutrients. Dietary deficiencies or excesses in methyl donors and enzymatic cofactors may lead to global changes in DNA methylation patterns. Met is a precursor for the biosynthesis of SAM, which is a vital methyl donor in more than 80 different biological reactions including methylation of DNA, RNA, and proteins.
Acute phase proteins are blood proteins, which serve as biomarkers of infection, inflammation, and stress (Murata, 2007; Eckersall and Bell, 2010) . The acute phase protein levels after a single stimulus remain unchanged for 48 h or longer, and thus can be used for assessment of general health in animals (Gruys et al., 2005) . Serum amyloid A (SAA) and alpha -1-acid glycoprotein (α-1-AGP) are two acute phase proteins commonly studied in chickens. Furthermore, the number of lymphocytes would decrease and the number of heterophils would increase in response to stress in chicken blood samples (Gross and Siegel, 1983) . Thus, evaluation of the heterophil/lymphocyte ratio also acts as a measure of the stress response in chickens.
The objective of this study was to determine the effect of dietary Met supplementation on intestinal amino acid/peptide/monocarboxylic acid transporter gene expression, global DNA methylation, white blood cell differentiation count, and expression of acute phase proteins in male broiler chickens. We hypothesized that dietary Met supplementation could increase hepatic DNA methylation, decrease expression of acute phase proteins, and alter the expression profiles of intestinal nutrient transporter genes.
MATERIALS AND METHODS

Animals, Diets and Sample Collection
The animal protocol was approved by the Institutional Animal Care and Use Committee at Virginia Tech. Mixed sex, day of hatch Cobb 500 broiler chicks were sourced locally (Tyson Food Inc., Crewe, VA). Eight-day-old chicks were identified as males by visual sexing of gonadal tissue and used for collection of liver and intestinal tissue. A blood sample was drawn from approximately 700 chicks, which were then randomly distributed into pens and given one of the four dietary treatments: Control (C): deficient in dietary methionine plus cysteine (Met + Cys), without any supplementation of Met sources; DL-Met: control diet + 0.22% DL-Met; L-Met: control diet + 0.22% L-Met and DL-HMTBA: control diet + 0.31% DL-HMTBA (to provide 0.22% DL-Met equivalent). The supplementation calculated for L-Met was recalculated for DL-Met and DL-HMTBA on an equimolar basis, which resulted in levels of 0.22% for DL-Met or L-Met and 0.31% for DL-HMTBA.
The sex of the chicks was determined using a PCRbased method. Briefly, 2 to 5 μL of blood was processed using the Phusion Blood Direct PCR Kit (Thermo Scientific, Waltham, MA) and PCR was performed using primers for the W chromosome and the tyrosinase gene (Gilbert et al., 2007) . On d 3, female chicks and chicks with an ambiguous PCR test were removed from the pens. The remaining 242 male chicks were redistributed within their treatment group into 6 replicate pens per treatment (∼10 chickens/pen) and fed the experimental diets until d 26. Due to limitations in availability of the research facility, chickens were moved from floor pens to cages (2 chickens/cage, 15 cages/treatment) and fed the 4 experimental diets. Because there were only 2 chickens per cage, this was considered insufficient for calculating performance data and thus performance data are only reported to d 26, while the chickens were being raised in floor pens.
Chickens were given ad libitum access to feed and water. A starter diet was fed from 0 to 10 d, a grower diet from 11 to 21 d, and a finisher diet from 22 to 35 d. Feed was produced by Research Diet Services BV (Utrecht, Netherlands). Basal diets were formulated to meet the broilers' requirements (Aminochick 2.0, Evonik Nutrition & Care GmbH, Germany) except for Met + Cys. Three Met sources (DL-Met (Evonik), L-Met (Evonik-Rexim), HMTBA (MHA-FA, Novus)) were supplemented to the basal diets in order to meet or be slightly above the broilers Met + Cys requirements (see Table 1 ).
Individual body weights of all chicks in a pen were recorded on d 10, d 15, d 21, and d 26. Feed intake and feed conversion efficiency (feed intake/body weight gain) of each pen were calculated at the end of the different diet phases while in floor pens (d 10, 21, 26) . Abdominal fat weight, breast muscle weight, organ (kidney, liver, heart, and small intestine) weight, and carcass weight (body weight minus the head and internal organs) were collected at d 10, 21, and 26.
At d 3, 5, 10, 21, 26, 35, six birds per treatment were euthanized by cervical dislocation and intestine and liver were collected. The intestine was separated into duodenum, jejunum, and ileum. Digesta were gently squeezed out of the intestine and segments were rinsed 3 times in PBS (NaH 2 PO 4 1.47 mmol/L, Na 2 HPO 4 8.09 mmol/L, NaCl 145 mmol/L). Whole segments were stored in RNAlater (Life Technologies, Carlsbad, CA) at −80
• C. Liver samples were snap-frozen in liquid nitrogen and then stored at −80
• C. At d 21 and 26, whole blood was collected from the jugular vein using syringes and then kept on ice in blood vials with EDTA as anticoagulant. Plasma was obtained using 2 mL whole blood by centrifugation and then stored at −80
• C.
Global DNA Methylation and DNA Methyltransferase Activity
Genomic DNA was isolated from 6 liver samples per treatment on d 0, 3, 5, 10, 21, 26, and 35 (n = 6) using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Global DNA methylation was quantified using the MethylFlash Methylated DNA Colorimetric Quantification kit (Epigentek, Farmingdale, NY), following the manufacturer's instructions. A total of 100 ng DNA was added to strip wells and the methylated fraction of DNA was quantified colorimetrically with a multi-mode plate reader (Infinite M200 Pro, Tecan, Morrisville, NC). The amount of methylated DNA is proportional to the optical density measured at 450 nm.
Nuclear extracts were prepared from 6 liver samples per treatment on d 0, 3, 5, 10, 21, 26, and 35 (n = 6) using the EpiQuik Nuclear Extraction Kit I (Epigentek) according to the manufacturer's protocol and stored at −80
• C. Total DNMT activity was measured using the EpiQuik DNMT Activity/Inhibition Assay Ultra Kit (Colorimetric, Epigentek), according to the manufacturer's protocol. A total of 4 to 20 μg nuclear extracts were added to microplate wells and the amount of methylated DNA, which is proportional to enzyme activity, was measured through an ELISA-like reaction by reading the absorbance at 450 nm using an Infinite M200 Pro multiplate reader.
Blood Profiling
White blood cell differentiation count was assayed in fresh blood samples from d 21 and 26 (n = 6). Individual blood smears were prepared on glass slides and Wright-Giemsa differential was used to stain the slides. Three images were captured per slide with a Nikon Eclipse 80i microscope and DS-Ri1 color camera (Nikon, Japan). The numbers of eosinophil and heterophil, lymphocyte, basophil, and monocyte were counted per 100 white blood cells per image and the average percentages were calculated.
Analysis of acute phase proteins α-1-AGP and SAA in plasma on d21 and 26 (n = 6) were assayed using the Chicken α-1-AGP ELISA Kit (Life Diagnostics, West Chester, PA) and Chicken SAA ELISA Kit (Life Diagnostics), respectively, following the manufacturer's protocol. Briefly, the diluted samples were incubated in the corresponding antibody-coated microtiter wells together with horseradish peroxidase conjugate and protein was measured by reading the absorbance at 450 nm using an Infinite M200 Pro multiplate reader.
Nutrient Transporter Gene Expression
The small intestinal segments (duodenum, jejunum, and ileum) from 5 birds per treatment on d 0, 3, 5, 10, 21, 26, and 35 were minced using razor blades and homogenized in Tri-Reagent (Molecular Research Center, Cincinnati, OH) using 5 mm stainless steel beads (Qiagen) and a Tissue Lyser II (Qiagen). Total RNA was isolated following the manufacturer's instructions (Molecular Research Center). The Direct-zol RNA MiniPrep Kit (Zymo Research, Irvine, CA) was used for total RNA purification. The total RNA samples were evaluated for integrity by agarose-formaldehyde gel electrophoresis and concentration and purity assessed by spectrophotometry at 260/280/230 nm with a NanoDrop 1000 (Thermo Scientific, Waltham, MA).
First-strand cDNA was synthesized from 500 ng total RNA with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Grand Island, NY). Reactions were performed under the following conditions: 25
• C for 10 min, 37
• C for 120 min, and 85
• C for 5 min. Expression of 14 transporter genes ATB 0,+ , b 0,+ AT, B 0 AT, 4F2hc, LAT1, MCT1, NHE3, PepT1, rBAT, SAT1, SAT2, SAT3, y + LAT1, and y + LAT2, and 6 reference genes β-actin, hexose-6-phosphate dehydrogenase (H6PD), lactate dehydrogenase A (LDHA), ribosomal protein L4 (PRL4), ribosomal protein (large, P0) (PRLP0), and ribosomal protein (large, P1) (PRLP1) were assayed using relative quantification real time PCR. Primers designed for real time PCR are listed in Table 2 and were validated for amplification efficiency before use (90 to 115% efficiency). Real time PCR was performed in duplicate in 10 μL volume reactions that contained 5 μL Fast SYBR Green Master Mix (Applied Biosystems), 0.5 μL each of 5 μM forward and reverse primers and 3 μL of 10-fold diluted cDNA using a 7500 Fast Real-Time PCR System (Applied Biosystems). PCR was performed under the following conditions: 95
• C for 20 s and 40 cycles of 90 • C for 3 s, plus 60
• C for 30 s. A dissociation step consisting of 95 • C for 15 s, 60
• C for 1 min, 95
• C for 15 s, and 60
• C for 15 s was performed at the end of each PCR reaction to verify that a single amplicon was generated.
Stability of reference genes was tested using geNorm (Vandesompele, et al., 2002) . Three reference genes Table 2 . (PRL4, PRLP0, and PRLP1) that showed the highest stability were selected from a panel of 6 reference genes (β-actin, PRL4, PRLP0, PRLP1, H6PD, and LDHA) (Vandesompele et al., 2002) . The quantification cycle (Cq) values of each target gene were analyzed using algorithms provided by Hellemans et al. (2007) . Briefly, the average Cq value was calculated for PCR replicates, then transformed into relative quantities (RQs) using (1+e) −ΔCq , where ΔCq = Cq (target sample) -Cq (average). The normalization factor (NF) for each sample was calculated based on the geometric mean of RQs of the three reference genes for that sample. The normalized relative quantities equals RQ/NF (sample specific), which was used for statistical analysis.
Data Analysis
There were two statistical models for mRNA expression data, which considered: 1) the main effects of treatment and age and the treatment age interaction within each small intestinal segment (duodenum, jejunum, and ileum) and 2) the main effects of treatment and intestinal segment and the treatment × segment interaction, within each age (d 3, d 5, d 10, d 21, d 26, and d 35) . Data were checked for normality and homogeneity of variances. Data from model 1 were analyzed by twoway ANOVA. Split-plot design was considered when analyzing data from model 2, with chicks as the whole plot expressing the error term for testing the effects of treatment, the segment as the split plot and chicks as the random effect. Contrasts were used to separate treatment means.
For the other parameters, the statistical models included the main effects of treatment, age and their interactions, or the effect of treatment within each age. Data were checked for normality and homogeneity of variances and analyzed by ANOVA. Means were separated using Tukey's Test.
JMP Pro version 11.0 (SAS Institute, Cary, NC) was used for statistical analysis. Data are presented as least square means ± SEM and statistical significance assigned at P < 0.05.
RESULTS
Growth Performance
Average body weight of the chickens fed the control (C) and treatment diets (DL-Met, L-Met, and DL-HMTBA) from d 10 to d 26 are shown in Table 3 . Analysis of body weight within each time point (d 10, 15, 21, 26) showed an increase for DL-Met, L-Met, and DL-HMTBA compared to C (P < 0.001). However, there was no difference among DL-Met, L-Met, and DL-HMTBA-fed chickens.
There was no difference between the four treatment groups for average feed intake from d 10 to d 26 (Table 3). Feed conversion ratios were measured on a pen basis and are shown in Table 3 . The feed conversion ratios of chickens fed DL-Met, L-Met and DL-HMTBA were less than C for d 10 to d 26 (P < 0.001), but there was no difference between DL-Met, L-Met, and DL-HMTBA.
Because there were no differences between three Met supplementation groups for body weight or feed conversion ratio, we examined potential treatment effects on relative organ weights (organ weight/live weight) and carcass weights (Table 4) . Relative breast muscle weight (breast muscle weight/live weight) was improved for dietary Met supplemented groups (DL-Met, L-Met, and DL-HMTBA) compared to the control group at d 10 (P < 0.001), d 21 (P < 0.001), and d 26 (P < 0.001). There was no difference between DL-Met, L-Met, and DL-HMTBA at any time point. Relative kidney weight (kidney weight/live weight) was decreased for DL-HMTBA compared to C at d 21 (P = 0.027). Relative liver weight (liver weight/live weight) was decreased for L-Met and DL-HMTBA compared to C at d 21 (P = 0.014). Relative carcass weight (carcass weight/live weight) was lower for L-Met than DL-Met and C at d 26 (P = 0.0078). There was no difference due to treatment effect at all the time points for relative duodenum, jejunum, and ileum weight, relative abdominal fat weight and relative heart weight (data not shown). Table 3 . Mean body weight, feed conversion ratio, feed intake and mortality of male broiler chickens fed a basal diet with or without methionine supplementation until post hatch day 26. 1 C: 0.78% Met+Cys for starter diet, 0.70% Met+Cys for grower diet and 0.62% Met+Cys for finisher diet; DL-Met: basal diet supplemented with 0.22% DL-methionine; L-Met: basal diet supplemented with 0.22% L-methionine; DL-HMTBA: basal diet supplemented with 0.31% DL-2-hydroxy-4-methylthio butanoic acid.
Data are shown as least squares means ± standard errors of the means. n = 6.
Blood Profile
There was no significant treatment effect for eosinophil + heterophil, lymphocyte, basophil, and monocyte percentages and the (eosinophil + heterophil)/lymphocyte ratio (Table 5 ). There was, however, an effect of age with the percentage of eosinophil + heterophil and (eosinophil + heterophil)/lymphocyte ratio greater at d 26 compared to d 21 (P = 0.018 and 0.011, respectively).
As another indicator of stress, plasma levels of acute phase proteins were measured (Table 6 ). There was a significant treatment × age interaction for SAA level (P = 0.0069). To further clarify, analysis was performed within each time period (d 21 and d 26) . SAA was lower in DL-Met and L-Met than in C at d 21 (P = 0.014).
There was no treatment main effect at d 26. The level of α-1-AGP was greater at d 26 compared to d21 (P = 0.0051), but there was no effect due to treatment.
Global DNA Methylation and DNA Methyltransferase (DNMT) Activity
No significant differences were seen among C, DLMet, L-Met, and DL-HMTBA groups for both hepatic total DNA methylation and DNMT activity. However, hepatic DNA methylation and DNMT activity changed with time, where DNMT activity increased from d 5 to d 10 ( Figure 1A , P < 0.001); whereas DNA methylation decreased from d 10 to d 26 and d 35 ( Figure 1B , P = 0.0012). 
Nutrient Transporter Gene Expression
Gene expression was analyzed using two statistical models as described in Material and Methods. For model 1, both DL-Met and L-Met groups had greater ATB 0,+ mRNA abundance compared to C in duodenum (Figure 2A , P = 0.039). All three Met supplemented groups (DL-Met, L-Met, and DL-HMTBA) had greater MCT1 expression compared to the control group in jejunum ( Figure 2B , P = 0.039). There were significant treatment × age interactions for LAT1, ATB 0,+ , and B 0 AT expression (Table 7) . In duodenum, L-Met chickens had greater LAT1 expression than C, DL-Met, and DL-HMTBA chickens at d 3 and C chickens had greater 
DISCUSSION
Met is the first limiting amino acid in a broiler cornsoybean meal based diet. Thus these diets are commonly supplemented with L-Met, DL-Met, and DL-HMTBA to meet the recommended amounts for the particular growth phase. This study examined the differential effects of these Met supplements on global DNA methylation, levels of stress indicators (acute phase proteins, white blood cell differential), and expression of selective intestinal amino acid transporters.
The growth performance data showed that Met supplementation improved body weight gain, feed efficiency, and relative breast muscle weight. The three diets with Met source supplementation were designed to meet the requirements of broiler chickens, so Met is not limiting in these groups. Our results are consistent with the bioefficacy values reported by Lemme et al. (2002) , who showed no difference between the three supplementary Met sources under limiting Met levels.
Little is known about DNA methylation in birds. LMet can be directly converted into SAM, the major methyl donor in cells. Methyl group donor deficiency has been shown to up-regulate DNA methyltransferase and to not increase genomic DNA hypomethylation in rat liver (Kim, 2004) . Thus, we hypothesized that Met supplementation would increase total DNA methylation in the liver. Our results showed that Met supplementation had no significant effects on hepatic DNA methyltransferase activity or global DNA methylation. DNA methylation regulation is a complex network, which may not be affected by either dietary Met + Cys level or Met source. However, we observed that hepatic global DNA methylation decreased from d 10 to d 26 and d 35, while DNMT activity increased from d 5 to d 10 and then remained constant. This was partially in accordance with the observation of Gryzinska et al. (2013) who reported a decrease in global DNA methylation with age in the blood of 32-week-old compared to 1-day-old hens.
A Met-deficient diet could cause physiological stress, which could be manifested as a change in white blood cell numbers or increase in acute phase proteins. For white blood cell differentiation count, the heterophil/lymphocyte ratio is often used as an indicator of disease or stress (Gross and Siegel, 1983) . Because in chickens eosinophils represent only 1% of the white blood cells (Scanes, 2015) and are difficult to discern from heterophils, we have reported the eosinophil + heterophil percentage and the (eosinophil + heterophil)/lymphocyte ratio. The percentages of different white blood cells (eosinophils, heterophils, lymphocytes, basophils, and monocytes) were measured. However, no significant differences among the treatment groups were observed, indicating that there Table 7 . Contrasts for significant treatment × age interaction effects for LAT1, ATB 0,+ , and B 0 AT expression analyzed within each small intestinal segment. Male broiler chickens were fed a basal diet with or without methionine supplementation until post-hatch day 35. 1 Data presented are least squares means and standard errors of the mean. The statistical model included main effect of treatment (C, DL-Met, L-Met, DL-HMTBA), main effect of age (d3, 5, 10, 21, 26, 35) and their interactions. C: 0.78% Met+Cys for starter diet, 0.70% Met+Cys for grower diet and 0.62% Met+Cys for finisher diet; DL-Met: basal diet supplemented with 0.22% DL-methionine; L-Met: basal diet supplemented with 0.22% L-methionine; DL-HMTBA: basal diet supplemented with 0.31% DL-2-hydroxy-4-methylthio butanoic acid. 2, 3 These values are pooled SEM of the mean and the P-value for the interaction, respectively. 4 All contrasts were tested but for brevity only significant differences are displayed. 5 LAT1: Na + -independent large neutral amino acid transporter; ATB 0,+ : Na + -and Cl − -dependent neutral and cationic amino acid transporter; B 0 AT: Na + -dependent neutral amino acid transporter.
was no difference in stress, as measured by white blood cells, between control and Met supplemented groups. Determination of acute phase protein levels can help in monitoring the health of animals (Murata, 2007) . SAA is a positive acute phase reactant expressed primarily in the liver that circulates in blood. In chickens, SAA gene expression increased more than 100-fold following infection (Matulova, et al., 2013) . α-1-AGP is also an acute phase protein that is elevated in chicken serum due to injury, infection, or disease. The amount of α-1-AGP increased up to 5-fold in chickens during an acute phase response (Holt and Gast, 2002) . In our trial, SAA was decreased in DL-Met and L-Met fed birds compared to the control at d 21. These results indicate that our control diet, which was Met-deficient, may have induced stress in the chickens as revealed by high SAA concentrations, which can be alleviated by L-Met and DL-Met supplementation. SAA concentration in DL-HMTBA fed birds was intermediate between control and L-Met and DL-Met. Shakeri et al. (2014) reported that stress induced by high stocking density of broilers led to an increase in the acute phase protein α-1-AGP, however, we did not see a difference in α-1-AGP concentrations.
Supplementation of the diets with L-Met, DL-Met, or DL-HMTBA altered the expression of some intestinal nutrient transporter genes. Many of these changes were revealed as treatment × age and treatment × intestinal segment interactions. The two Met transporters that were most responsive to Met supplementation were ATB 0,+ (SLC6A14) and B 0 AT (SLC6A19). For example, DL-Met supplementation resulted in increased expression of B 0 AT in the jejunum and duodenum and increased ATB 0,+ at d5; whereas L-Met supplementa- (Zheng et al., 1994) . Maenz and Engele-Schaan (1996) reported that L-and D-Met are transported by the broad specificity system B type transporter in chicken brush border membrane vesicles. Martin-Venegas, et al. (Hatanaka et al., 2002) . These results are in accordance with our findings that DL-Met and L-Met supplementation altered expression of ATB 0,+ and B 0 AT. Ferraris and Diamond (1989) have proposed a biphasic model for the uptake of essential amino acids such as Met. Below maintenance levels of dietary nitrogen (0 to 18%), the uptake of Met decreased or remained constant with increasing dietary nitrogen; whereas above maintenance levels (>18%), uptake of Met increased with increasing dietary nitrogen. This could partially explain the temporal changes in transporter expression as the dietary protein levels decrease in the starter, grower and finisher diets. Thus the regulation of expression of transporters for a substrate such as Met are expected to be complex and may depend on the balance and availability of other amino acids in the diet.
In contrast to L-Met and DL-Met, DL-HMTBA as a Met precursor had minor effects on the regulation of ATB 0,+ and B 0 AT. Only the brush border membrane transporter b 0,+ AT (SLC7A9) was expressed greater in the ileum at d3 by HMTBA supplementation but not by DL-Met and L-Met supplementation. In fact, b 0,+ AT was downregulated in the ileum of L-Met chickens compared to control chickens. In contrast, in growing pigs, the addition of Lys, Thr and Met to a wheat diet deficient in these three amino acids caused an upregulation of b 0,+ AT in the jejunum (Garcia-Villalobos et al., 2012) .
We hypothesized that changes in the expression of Met transporters may have a pleiotropic effect on the expression of the peptide transporter PepT1. Shiraga et al. (1999) showed that various amino acids, such as Arg, Phe, and Lys, increased promoter activity of rat PepT1, although Met was not one of the amino acids tested in this study. Our results showed that PepT1 was not changed by the different Met supplementation, even though expression of Met transporters was changed.
The transport system for DL-HMTBA is the monocarboxylate transporter MCT1 (SLC16A1), which is coupled to the Na + /H + exchanger NHE3 (SLC9A3) to maintain the proton gradient at the brush border membrane of the enterocyte (Martin-Venegas et al., 2007) . Martin-Venegas et al. (2014) further showed that MCT1 is upregulated in Caco-2 cells by DL-HMTBA. In our study, MCT1 expression was upregulated in the jejunum of DL-Met, L-Met, and DL-HMTBA chickens compared to control chickens. This was a surprising result because we expected an increase in MCT1 in the presence of DL-HMTBA and not DL-Met and L-Met. The mechanism by which L-Met and DL-Met are regulating MCT1 remains to be elucidated. NHE3 expression did not show a corresponding main effect of DLMet, L-Met, and DL-HMTBA compared to the control Table 8 . Contrasts for significant treatment × segment interaction effects for 4F2hc, b 0,+ AT, ATB 0,+ , B 0 AT, LAT1, and SAT2 expression analyzed within each growth period. Male broiler chickens were fed a basal diet with or without methionine supplementation until post-hatch day 35. 1 Data presented are least squares means and standard errors of the mean. The statistical model included main effect of treatment (C, DL-Met, L-Met, DL-HMTBA), main effect of small intestine segment (duodenum, jejunum, ileum) and their interactions. C: 0.78% Met+Cys for starter diet, 0.70% Met+Cys for grower diet and 0.62% Met+Cys for finisher diet; DL-Met: basal diet supplemented with 0.22% DL-methionine; L-Met: basal diet supplemented with 0.22% L-methionine; DL-HMTBA: basal diet supplemented with 0.31% DL-2-hydroxy-4-methylthio butanoic acid.
2,3 These values are pooled SEM of the mean and the P-value for the interaction, respectively. 4 All contrasts were tested but for brevity only significant differences are displayed. 5 4F2hc: 4F2 cell-surface antigen heavy chain; b 0,+ AT: Na + -independent cationic and neutral amino acid transporter; ATB 0,+ : Na + -and Cl − -dependent neutral and cationic amino acid transporter; B 0 AT: Na + -dependent neutral amino acid transporter; LAT1: Na + -independent large neutral amino acid transporter; SAT2: Na + -dependent neutral amino acid transporter.
like MCT1 gene expression. This is not surprising because the activity of many transporters are coupled to the proton gradient (Thwaites and Anderson, 2007) . The amino acid transporters SAT1, SAT2, and SAT3 are members of the SLC38A family and are responsible for System A and System B transport of small neutral amino acids such as Gln, Met, and Ala (Schioth et al., 2013) . There was increased expression of SAT1 in DL-HMTBA chickens compared to DL-Met and L-Met chickens, but not compared to control chickens. SAT2 expression was greater in the duodenum of DL-Met chickens compared to control and DL-HMTBA chickens at d 35. SAT2 is a basolateral membrane transporter that also plays a role as an amino acid sensor, mediating its transceptor signaling through the mTOR (mammalian target of rapamycin) pathway (Pinilla et al., 2011 ). An increase in SAT2 would lead to downstream signaling through mTORC1 resulting in increased protein synthesis (Taylor, 2014) .
In summary, supplementation of feed with L-Met, DL-Met, or DL-HMTBA improved growth rate, feed efficiency, and breast muscle yield equally compared to a basal (control) diet that was deficient in Met. There were no differences in white blood cell differentiation count, DNA methylation, or DNA methyltransferase activity between control and Met supplemented diets. One acute phase protein (serum amyloid A) was increased in control compared to DL-Met and L-Met but not by DL-HMTBA. Met supplementation did not affect expression of basolateral transporters but did result in enhanced expression of brush border membrane transporters, for example, the ATB 0,+ transporter, in the duodenum and MCT1 in the jejunum. Moreover, DL-HMTBA does not affect the expression of transporters in a similar manner as DL-Met and L-Met. These results suggest that DL-Met, L-Met, and DL-HMTBA improve growth performance but do not have the same influence on biochemical pathways. This study can help to further understand different dietary Met sources in the animal nutrition industry, which then can be better utilized to promote animal growth and development.
